SUMMARY Synthetic 13-norleucine-motilin (13-nle-motilin), structural and biological analogue of the naturally-occurring duodenal polypeptide, motilin, is known to stimulate antral and duodenal motor activity in vitro, but delays gastric emptying in man. In this study the direct actions of the synthetic polypeptide on myoelectrical activity and intraluminal pressure have been'studied in the isolated vascular-perfused canine stomach and duodenum. 13-nle-motilin increased intraluminal pressure in the pylorus and duodenum, and dose-response analysis showed the duodenum to be twice as sensitive as the pylorus to the polypeptide. Pressure changes in the antrum were small and not dose-related, but, whereas the basic electrical rhythm in the duodenum was not altered, slow wave frequency, rhythm, and propagation in the antrum were disturbed. Electronic analysis of the duodenal spike increase which accompanied pressure rises demonstrated correlations between increases in spikes, intraluminal pressure, and dose. These results show that the direct effect of the polypeptide on adjacent organs may explain the combination of increased motor activity with delayed gastric emptying as a consequence of disturbance in the co-ordination between antrum, pylorus, and duodenum.
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Purified motilin isolated from hog small intestine has been demonstrated to stimulate motor activity in both antral and fundic gland area pouches of the conscious dog (Brown et al., 1971) , and in the antrum of the isolated perfused canine stomach (Cook et al., 1973) . A physiological role for motilin is suggested by a recent immunofluorescent demonstration of cells containing motilin in the intestinal mucosa of man (Polak et al., 1975) . In vitro experiments using 13-norleucine-motilin (13-nle-motilin)-synthetic analogue of motilin and biologically just as active as the natural polypeptide (Wiinsch et al., 1973)-revealed that the sensitivity of rabbit duodenal and jejunal smooth muscle strips even exceeds that of antral circular muscle (Strunz et al., 1975) . Interestingly enough, human gastric evacuation is inhibited by 13-nle-motilin (Ruppin et al., 1975 )-possibly attribu-operative technique and the experimental apparatus are fully described elsewhere Hardcastle, 1970: Ritchie and Hardcastle, 1973) . Throughout the experiments, lasting about three hours, arterial perfusion flow and pressure were monitored continuously, and the arterial p02, pCO2, pH, and blood glucose measured at frequent intervals.
PHARMACOLOGICAL AGENTS
After electrical and mechanical activity had been recorded for an adequate basal period, increasing doses of 13-nle-motilin (40, 80, 160, 320 , and 640 ng) -dissolved in 10 ml distilled water-were injected over one minute into the arterial supply of the preparation. The effect of each injection of motilin was compared with that of 10 ml distilled water alone. In one experiment, higher doses of the polypeptide (1 28 and 2 56 Cug) were administered to elicit the maximal motor response of the preparation. In another experiment, after injection of a pilot dose of 1 3-nle-motilin, to ensure sensitivity of the preparation, 100 ,ug/h atropine sulphate were given by continuous intra-arterial infusion; 1 3-nle-motilin was then added in the same way as described above. Approximately two minutes after each administration of the polypeptide, the venous return from the preparation was diverted for two minutes; the blood collected during this period was discarded in order to remove 13-nle-motilin in the venous effluent after passage through the capillary circulation of the preparation.
MECHANICAL ACTIVITY
Intraluminal pressure was recorded through a triple lumen water-filled non-perfused open-tip tube connected through a transducer and amplifier to an eight-channel Mingograph 81 ink-jet recorder (Elema-Schonander, Stockholm, Sweden) . The open tips of the tubes were placed in the distal antrum, pylorus, and duodenal cap (Fig. 1) . The position of the tubes as well as zero (atmospheric) pressure were checked and, if necessary, corrected before each injection of motilin.
MYOELECTRICAL ACTIVITY
Myoelectrical activity was monitored through silversilver chloride electrodes sutured to five sites on the serosal surface of the stomach and duodenum (Ritchie and Hardcastle, 1973) as shown in Fig. 1 . In each experiment, four sites were monitored simultaneously through pre-amplifiers connected to AC amplifier stages of the ink-jet recorder. In some experiments, duodenal activity from two adjacent sites at D3 was simultaneously recorded on magnetic tape using a Medilog data tape recorder (Oxford Instrument Co., Oxford, England). The planimetric results were expressed as integrated pressure change (A cm H20/min) after each injection of 1 3-nlemotilin. The data were checked by KolmogorovSmirnov's test, and correlation analyses between duodenal, pyloric, and antral pressure changes were performed by using Spearman's rank correlation coefficient rs (Snedecor and Cochran, 1967) .
Electrical activity
Pacesetter potential frequencies were calculated from chart recordings. In addition, in one experiment, the data from tape recordings were analysed in detail to show the incidence of spike activity. The method employed was the recording of myoelectrical activity for exactly five minutes before (A) and five minutes after (B) each motilin injection. The myoelectrical activity from one of the recording sites was used for quantitative analysis. The technique of compressed replay, bandpass filtering, pulse conversion and shaping (Wingate et al., 1975) was used to produce a sequence of pulses corresponding to the spike activity in the duodenal segment as shown in Fig. 2 Fig. 6 ) only data from the first hour of perfusion have been used. In the experiment in which duodenal spike activity was electronically analysed, the dose-response effect of 13-nle-motilin on spike activity (Fig. 11 ) was calculated by expressing the increase in spike activity for the five minutes after injection as a percentage of the spike activity during the preceding five minutes on the hypothesis that both spontaneous and evoked spike activity decline with time; this was supported by our observations (Table 3 ; Fig. 3 ).
Results

MECHANICAL ACTIVITY
The results are illustrated in Figs. 4-6. There was close correlation (p < OO05) between integrated changes in intraduodenal pressure and intrapyloric pressure (Fig. 4) ; the relation between them suggests that the increment in pyloric pressure after motilin is approximately doubled in the duodenal lumen. There was also a significant correlation (p < 0402) between integrated change in intrapyloric and antral pressure, while the relationship between integrated pressure change in the lumen of the duodenum and antrum only just achieved statistical significance (0-025 < p < 0-05). 13-nle-motilin caused a rise in intraluminal pressure which was greater in the duodenum and in the pyloric channel (Fig. 5) . With increasing doses of the polypeptide, intraluminal pressure rose dose-dependently in the duodenum and pylorus, but by contrast the antral response was not dose dependent (Figs. 5 and 6).
MYOELECTRICAL ACTIVITY 1. Pacesetter potentials In the stomach, slow waves recurred at a frequency of 4-5 to 5 5 cycles per minute, which is in agreement with the data from other authors (Daniel and Chapman, 1963) . 13-nle-motilin caused moderately delayed and irregular action of the gastric pacesetter potentials and-at least for short periods-reversed the direction of the antral slow wave propagation (Fig. 7) apparently by phase-unlocking of the antral pacesetter potentials. In one experiment, reversed propagation was accompanied by visible retroperistalsis of the antrum. The slowing of gastric pacemaker frequency by 13-nle-motilin was not dose related; the reduction of the slow wave frequency ranged from 0-2 to 0-86 cycles per minute (Table 2) .
13-nle-motilin did not affect either frequency or rhythmicity of the duodenal pacesetter potentials. activity in the stomach and small intestine. In this study, the myoelectric effects of 13 doses of motilin varying between 40 and 1280 ng were recorded on magnetic tape. After conversion into digital pulses, the incidence and temporal distribution of the spikes were studied. A histogram of spike incidence (Fig. 8) suggests that, in spite of the unchanged duodenal pacemaker frequency, the effect of 13-nle-motilin was to increase spike activity. It should be emphasized that all the pulses were derived after the slow waves had been removed by bypass filtering. In order to confirm that the recorded spike activity was of biological origin, and not artefactual, a histogram of the intervals between spikes was constructed on the averaging computer (Fig. 9 ). This shows a clear peak at 3*4 seconds, which corresponds to a pacesetter frequency of 17-6/min, with regular but diminishing secondary peaks. This frequency was the same as the observed slow wave frequency.
Quantitative spike analysis was accomplished by counting the number of spikes for five minutes before, and five minutes after each dose of 13-nle-motilin, I.
I Il : l _ I COTO whether expressed in absolute terms or percentage increases, the counts demonstrate the decay in spike activity as the experiment proceeds (Table 3 ; Fig. 8 ).
ELECTROMECHANICAL CORRELATION
The exponential decline in spontaneous spike activity in the preparation poses a problem in analysis. The data in Table 1 show clearly that the pressure changes produced by a given doseof 13-nle-motilin in thelatter half of the experiments are smaller than those produced by the same doses administered in the earlier part. The question of whether the spike activity gives an accurate index of motor activity is of some significance in the design of in vivo studies, where monitoring of electrical activity may be possible, but pressure measurement might be difficult. Grivel and Ruckebusch (1972) demonstrated a relationship between spike activity, muscle tension, and intestinal diameter but did not measure intraluminal pressure which is the integral part of several variables. We tested two hypotheses.
The first hypothesis was that there would be a The second hypothesis was that a dose response might be elicited in which the use of percentage increase in spikes would compensate for the exponential decay of the preparation; this has been shown to be statistically significant (Fig. 11) . Clearly, the relationship is only just significant; the middle three dose values produced an identical mean response, but the lower response from 40 ng and the higher response from 320 ng produced significant regression. The response to the large dose of 1280 ng (which would greatly increase the statistical significance) has been omitted as it is not closely related to the other data points.
.6LlW-- relationship between increased spike activity (Table  3 ) and an increase in integrated intraluminal pressure (Table 1) . We found a significant linear relationship (P < 0 005), which is shown in Fig. 10 Relationship between numbers of spikes in response to motilin injection in a single study (vertical axis) and the increase in integrated pressure in the duodenum (horizontal axis) resulting from each injection. The P value shows the statistical significance of the correlation coefficient.
EFFECT OF ATROPINE
When atropine sulphate (100 ,tg/h) was given by continuous intra-arterial infusion, neither mechanical nor myoelectrical activity of the preparation could be stimulated by 13-nle-motilin.
Discussion
Motilin was isolated and purified from hog small intestine by Brown and his colleagues in 1972. The discovery of this polypeptide had been preceded by the observation that duodenal alkalinization stimulated motility-supposedly by duodenal release of a humoral factor-in denervated canine fundic pouches (Brown et al, 1966) . Further studies revealed similar gastric motor activity stimulating properties in pancreozymin (Brown, 1967; Brown and Parkes, 1967 ) and crude secretin (Brown et al., 1971) . However, none of these studies included observations on the effect of motilin on duodenal motility. Initially, the principal action of motilin was thought to be stimulation of gastric motor activity; this perhaps explains why Cook et al. (1973) , while testing the action of motilin on the isolated, cross-perfused canine stomach, did not mention changes in pyloric and duodenal motor activity. Meanwhile, substantial evidence has shown that motilin-at least in the rabbit and probably also in man-stimulates duodenal rather than gastric motor activity: according to Strunz et al. (1975) , the sensitivity of rabbit duodenal and jejunal strips to 13-nle-motilin exceeds that of antral circular muscle by about four times. In man, similarly different susceptibilities of gastric and duodenal muscle to 13-nle-motilin may be responsible for the retardation of gastric emptying by the polypeptide (Ruppin et al., 1975) . This may be due to increased duodenal tone resulting in relative obstruction and to uncoordination between the antrum, pylorus, and duodenum. This hypothesis is supported by the results from the present work using synthetic motilin in the isolated homologous-perfused canine stomach and duodenum: after motilin, the gastric pacemaker was shown to be disturbed with consecutive irregularity, slowing down, and short-term oral phaseshift of the basal electrical rhythm; this was apparently due to phase-unlocking of antral slow waves.
It has been suggested that phase-unlocking of gastric slow waves causes uncoordinated contractions and altered gastric emptying (Sarna and Daniel, 1975) . By contrast, 13-nle-motilin did not interfere with duodenal slow wave activitybut even, depending on the dose, enhanced duodenal action potentials. Intraluminal pressure measurements revealed corresponding data: motilin caused a considerable increase in intraduodenal pressure already at a minimal dose of 40 ng, whereas the antral pressure was not affected by doses up to 160 ng 13-nle-motilin. Vigorous pyloric contractions were obtained with 80 ng or more of the polypeptide. Thus, the sensitivity of the canine duodenum, pylorus, and antrum to 13-nle-motilin may be expressed as 4:2:1, respectively. This pattern of gastroduodenal motor response to motilin is similar to that caused by the structurally different cholecystokinin in vitro (Fisher et al., 1973) , although a recent in vivo study failed to demonstrate actions of CCK on duodenal electrical and mechanical activity in man (0igaard et al., 1975) . In spite of a functional similarity, however, motilin and CCK do not seem to have a similar site of action: while CCK has been reported to contract gastrointestinal muscle stripsat least in part-by the release of acetylcholine (Vizi et al., 1973) a direct action on the smooth muscle cell itself holds true for motilin (Domschke et al., 1974) . The reported inhibition on motilin-induced mechanical activity of the isolated perfused stomach by atropine sulphate (Cook et al., 1973 ) is supported in this study but conflicts with observations on muscle strips (Strunz et al., 1975) ; in isolated organ preparations, however, atropine effects may not necessarily be pertinent to the mode of action of the given pharmacological agent. Further study of antagonists is clearly indicated.
The variation in sensitivity to 13-nle-motilin between different experiments was considerable, and greater than this preparation usually displays to other stimuli. Since it has been reported that there is a considerable range of fasting plasma motilin levels in man (Bloom et al., 1975) , it is perhaps not surprising to find considerable variation in response to identical doses of 13-nle-motilin.
It is of considerable interest that, after 13-nlemotilin, changes in small intestinal intraluminal pressure are correlated with changes in spike frequency. As monitoring of in vivo spike activity may be performed more exactly than intraluminal pressure recording (0igaard and Dorph, 1974) , measurement of spike frequency may prove to be a useful guide to underlying pressure changes in intact animals and man. 
